For particular cell-based therapies, it may be required to culture mesenchymal stem cell (MSC) aggregates with growth factors to promote cell proliferation and/or differentiation. Heparin, a negatively charged glycosaminoglycan (GAG) is known to play an important role in sequestration of positively charged growth factors and, when incorporated within cellular aggregates, could be used to promote local availability of growth factors. We have developed a heparin-based cell coating and we believe that the electrostatic interaction between native heparin and the positively charged growth factors will result in (1) higher cell number in response to fibroblast growth factor-2 (FGF-2) and 2) greater chondrogenic differentiation in response to transforming growth factor-β1 (TGF-β1), compared to a desulfated heparin coating. Results revealed that in the presence of FGF-2, by day 14, heparin-coated MSC aggregates increased in DNA content 8.5 ± 1.6 fold compared to day 1, which was greater than noncoated and desulfated heparin-coated aggregates. In contrast, when cultured in the presence of TGF-β1, by day 21, desulfated heparincoated aggregates upregulated gene expression of collagen II by 86.5 ± 7.5 fold and collagen X by 37.1 ± 4.7 fold, which was higher than that recorded in the noncoated and heparin-coated aggregates. These observations indicate that this coating technology represents a versatile platform to design MSC culture systems with pairings of GAGs and growth factors that can be tailored to overcome specific challenges in scale-up and culture for MSC-based therapeutics.
INTRODUCTION
Mesenchymal stem cells (MSCs) are currently being utilized in over 350 National Institute of Health-registered clinical trials treating pathologies ranging from graft versus host disease and diabetes to bone and cartilage injuries. 1, 2 Their ability to differentiate down multiple lineages and/or secrete trophic factors make MSCs a promising cell source to regenerate tissue and treat a variety of diseases. [3] [4] [5] However, in these trials, one to five doses of 2,000,000-8,000,000 cells are required for administration; thus, for these multipotent cells to be a viable option, mass expansion is needed. 2 Additionally, for certain applications, such as cartilage repair, precise control of differentiation of these multipotent cells is required to ensure that a homogenous cell population is delivered. 6, 7 To achieve levels of cell proliferation and chondrogenic differentiation that may be required for cell-based therapies for cartilage repair, growth factors such as fibroblast growth factor-2 (FGF-2; proliferation), 8, 9 and transforming growth factor-β1 (TGF-β1; chondrogenesis) [10] [11] [12] can be employed.
In addition to growth factor supplementation, different MSC culture platforms can affect both MSC proliferation and differentiation. For example, pellet systems (25,000 cells) have traditionally been used to promote chondrogenic differentiation of MSCs, however, recent interest in smaller MSC aggregates (500-1000 cells) with smaller diameters has increased because of their ability to be used as injectable therapies treatment of cartilage injuries using a standard-size needle. 6, 7, 13 Additionally, it has been shown that MSCs aggregated into spheroid form ranging from 500 to 250,000 cells have the ability to attenuate inflammatory cytokine secretion and secrete higher levels of anti-inflammatory molecules when compared to their monolayer counterparts, which could also be advantageous to promote a pro-healing environment after cartilage injury. 14, 15 However, the challenge of lack of proliferation in spheroid culture may hinder the scale-up of MSC aggregate systems. 16 Additionally, due to the 3D structure of formed aggregates, exogenous growth factors supplemented to the culture medium may not be exposed the entire cell population, especially the cells found on the interior of the aggregate.
To address these potential limitations in MSC aggregate culture, incorporation of sulfated glycosaminoglycans (GAGs), such as heparin, within an aggregate can be used as a potential vehicle to promote growth factor availability due to the GAGs' high negative charge that facilitates local electrostatic interaction with positively charged proteins. [17] [18] [19] [20] [21] Such a concept would mimic the actions of heparin sulfate proteoglycans (HSPGs) typically found on the plasma membrane of a cell and within the ECM. 22, 23 HSPGs play a role in regulation of signaling factor activity and can act as co-receptors for various growth factor receptors to lower receptor activation or alter duration of the signaling reactions. 22, 23 Because the interaction between heparin and its growth factors depends on the presence of the negatively charged sulfate groups, desulfation of the GAG can modulate the interaction with a positively charged protein. 21 Specifically, it has been seen that desulfation of heparin can affect affinity for FGF-2 and TGF-β1 and the growth factors' subsequent bioactivity, 20, 24, 25 but it remains unclear what effects GAGs of different sulfation levels may have on aggregate cell culture with growth factor supplementation.
To incorporate GAGs into a 3D aggregate, we have previously developed and characterized a GAG cell coating that sequesters positively charged proteins onto cell surfaces. 26 We have shown that through layer-by-layer deposition of biotin and avidin, biotinylated heparin has been grafted onto cell surfaces at different concentrations without negatively affecting cell viability and inherent anti-inflammatory properties of MSC aggregates. When loaded onto aggregates of heparin-coated cells, TGF-β1 remains bioactive and has the ability to signal to surrounding cells upon release. 26 While characterization of this heparin coating has been performed, effects of a heparin coating on cell response to growth factors in long-term culture have not been explored. Moreover, because the electrostatic interactions between heparin and growth factors are necessary for binding and signaling, decreasing the sulfation level of the coating may provide insight into how these interactions can play a role in the subsequent cellular response.
Thus, the objective of this article is to characterize heparin MSC coatings of two different sulfation levels (native sulfation and fully desulfated) and study the effect of these coatings on MSC response in the presence of two different growth factors supplemented to the culture media, as would be found in traditional cell culture approaches for stem cell therapies. To evaluate the coating effect, MSC aggregates were coated with either heparin or desulfated heparin and then cultured in serum-free media containing FGF-2 or TGF-β1. Over 21 days in vitro, cell morphology was characterized using histological staining, cell number was determined using a DNA assay, and chondrogenic differentiation was evaluated using quantitative reverse transcription polymerase chain reaction (RT-PCR) and immunohistochemical (IHC) staining for chondrogenic extracellular (ECM) components. In these studies, we hypothesize that the strong electrostatic interaction between heparin and the positively charged growth factors in the vicinity of the cells will promote growth factor availability, and therefore, the fully sulfated heparin coating will result in higher cell number in response to FGF-2 and to greater chondrogenic differentiation in response to TGF-β1, compared to the desulfated heparin coating and a noncoated control.
MATERIALS AND METHODS

Heparin derivative synthesis
Desulfation of heparin was performed using a previously published protocol. 27 Briefly, heparin was mixed at 5 mg/mL in methanol (VWR, Radnor, PA) containing 0.5% v/v acetyl chloride (Thermo Fisher Scientific, Grand Island, NJ). A methyl ester of heparin product was synthesized by acidic methanol treatment for 6 days. The product was dissolved in H 2 O and precipitated in an excess of 95% ethanol on ice. The methyl ester product was then precipitated in ethyl ether (Thermo Fisher Scientific) and vacuum dried using lyophilization (−40°C at 0.120 mmHg). Demethylation was performed by 0.1M potassium hydroxide treatment for 24 h to produce the final desulfated heparin, which was precipitated in ethanol and ethyl ether and vacuum dried via lyophilization. To produce biotinylated GAGs, heparin was dissolved in water at 2 mg/mL and conjugated with biotin by reacting N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) (Sigma-Aldrich, St. Louis, MO), hydroxybenzotriazole (HoBT) (VWR) and biotin-hydrazide (Sigma-Aldrich) at a molar excess compared to heparin of 0.4 for all reagents for 4 h at pH 5. Desulfated heparin was dissolved at 2 mg/mL and reacted with EDC, HoBT, and biotinhydrazide at a molar of 3:3:8, respectively, for 4 h at pH 5. Each reaction solution was dialyzed for 2 days in 3500 MWCO dialysis tubing (Spectrum, Rancho Dominguez, CA) followed by flash freezing and vacuum drying via lyophilization for 2 days. All heparin products were stored at −20°C.
Proton nuclear magnetic resonance ( 1 H NMR) characterization 1 H NMR was used to assess level of sulfation after solvolytic desulfation of heparin and used to determine conjugation efficiency following biotinylation of heparin derivatives. Approximately 5 mg/mL of each product was dissolved in deuterated water and 1 H NMR experimented were conducted on a Bruker Avance III 400 spectrometer at 400 MHz. The resulting spectra were analyzed with ACD NMR Processor software (Version 12).
MSC expansion
MSCs derived from human bone marrow aspirates were obtained from the Texas A&M Health Sciences Center. Cryopreserved MSCs from three different donors (two males, one female; ages 22, 24, and 37) were thawed and expanded in α-minimum essential medium (Mediatech, Herndon, VA) containing 16.5% fetal bovine serum (FBS, Atlanta Biological, Atlanta, GA), 2 mM L-glutamine (Mediatech), 100 U/mL penicillin and 100 µg/mL streptomycin (Mediatech) under normoxic conditions (37°C, 5% CO 2 , and 20% O 2 ). Media were changed every 2-3 days until 80% confluence and were used at passage 3.
Cell coating, aggregate formation, and culture
After lifting with 0.05% trypsin (Mediatech), MSCs were washed in phosphate buffered saline (PBS, Life Technologies, Grand Island, NY) two times and then modified with a glycosaminoglycan by multilayer assembly of biotin and avidin layers, as previously described. 26 Briefly, cells were first cultured in 4 mM EZ-Link Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL) in PBS, followed by 0.5 mg/mL avidin in PBS (Life Technologies, Carlsbad, CA), and lastly 5 mg/mL biotin-conjugated heparin (Hep) or biotin-conjugated desulfated heparin (Hep-) in PBS (process outlined in Fig. 1A ). Each incubation step with cells was performed in a 24-well ultra-low attachment surface plate (Corning) for 30 min at 37°C on a rotary orbital shaker plate at 65 rpm. Once cells were coated with their respective glycosaminoglycan layers, 2000 cells in 200 µL were pipetted into each well of a 5% pluronic-coated 96-well V-bottom plate to form individual aggregates. Plates were spun down at 200 rcf to promote spheroid formation in serum free media composed of Dulbecco's modified eagle medium, 1% nonessential amino acids, 1% antibiotic/antimycotic, 1% insulin, human transferrin, and selenous acid premix (BD Biosciences, San Jose, CA), and 50 µg/mL ascorbate-2-phosphate (Sigma-Aldrich). Aggregates were cultured in serum free conditions in the V-bottom wells with either 10 ng/mL of FGF-2 (R&D Systems, Minneapolis, MN) for DNA content assay or 10 ng/mL or TGF-β1 (Peprotech, Rocky Hill, NJ) and 100 nM dexamethasone (Sigma-Aldrich) for chondrogenic differentiation assays. Aggregates for chondrogenic differentiation were cultured under hypoxic conditions (37°C, 5% CO 2 , and 3% O 2 and N 2 ).
Chromatography analysis of cell coating solutions
To quantify amount of GAG grafted to cell surfaces, supernatants were obtained immediately after GAG incubation of single cells prior to aggregate formation. Quantification of Hep or Hep-that was remaining in the supernatant was analyzed using a high-performance liquid chromatography system (Shimazdu, Columbia, MD). Duplicate samples were run in a 150 mM magnesium sulfate and 10 mM Tris base buffer through a TSK-GEL G4000PWX1 column (Tosoh Bioscience, King of Prussia, PA) for 30 min at a flow rate of 1 mg/mL. Eluted samples were detected using a UV detector at the wavelength of 256 nM. GAG concentration in each sample was calculated using a standard of known concentrations ranging from 0.05 to 5 mg/mL for both Hep and Hep-polymers. The amount of Hep or Hep-grafted onto cells was normalized to the cell number for that coating group (n = 3).
Histological staining
At appropriate time points, MSC aggregates were collected and washed with PBS to remove excess media. Aggregates were fixed in 10% neutral buffered formalin (Thermo Fisher Scientific) for 15 min and embedded in Histogel (Thermo Fisher Scientific) before subsequent incubation in increasing sucrose solution concentrations up to 15% under vacuum (−25 in Hg). Samples were then vacuum infiltrated with increasing concentrations of 20% sucrose:optimal cutting temperature compound solutions (4:1 to 1:2 volume ratios). After overnight infiltration, samples were embedded in optimal cutting temperature compound and frozen in mixture of dry ice and 100% ethanol. 28 Samples were stored at −80°C and cryosectioned at 10 µm thickness (Cryostar NX70; Thermo Fisher Scientific) prior to staining with hematoxylin & eosin (H&E).
DNA quantification
At appropriate time points, MSC aggregates were collected and washed with PBS three times to remove excess media. Aggregates were dissociated by incubation in 200 µL 0.05% trypsin for 20 min and mechanical disruption by pipetting. Samples were spun down at 6000 rcf and collected cells were washed with PBS 1x before storing in 500 µL of water containing 0.1% Triton-X100 (Sigma-Aldrich) at −20°C. Samples were subjected to three freeze-thaw cycles, in which samples were placed in a sonicating bath containing ice for 30 min, followed by freezing in the −80°C freezer for 1 h. Upon removal from the freezer, samples were thawed to room temperature for 30 min before repeating sonication and freezing cycle. Once samples were ready, DNA content was assayed using a CyQUANT® Cell Proliferation Assay (Life Technologies), according to manufacturer's protocol. Samples were read at excitation 485 nm, emission 525 nm by a plate reader (Biotek Synergy H4 Hybird Multi-Mode Microplate Reader, Winooski, VT) and DNA amount was determined using a standard curve of DNA. Data is reported as the DNA amount normalized to each group's initial amount at day 1 (n = 8).
Gene expression analysis (RT-PCR)
Over the course of 21 days, MSC aggregates were collected for gene expression analysis and lysed with RLT lysis buffer (Qiagen, Hilden, Germany). Each sample contained three individually cultured aggregates to provide enough RNA for analysis. Cell lysates were filtered with QIAshredder tissue homogenizer and RNA was extracted with RNAeasy kit (Qiagen). Reverse transcription was performed using SuperScript III reverse transcriptase (Invitrogen) with Oligo(dT) 15 primers and nucleotides (Promega, Madison, WI). Primers were custom designed to target human mRNA for β-actin, 18s ribosomal protein, Sox9, collagen II, aggrecan, collagen I, collagen X, Runx2, and PPARγ2 (Table I) . Quantitative RT-PCR amplification for each gene was performed on a StepOnePlus System (Applied Biosystems, Carlsbad, CA) with SYBR Green Master Mix (Applied Biosystems). Raw amplification values were processed in Lin-Reg software (v13.1, Amsterdam, Netherlands) to individually determine PCR efficiency and fold regulation relative to noncoated day 1 samples was determined for each sample with β-actin and 18s used as housekeeping gene controls (n = 3-4).
Immunofluorescent staining for matrix molecules
Immunostaining for ECM deposition in cryosectioned samples was performed using primary monoclonal antibodies for collagen II, aggrecan, collagen X, and collagen I (Abcam, Cambridge, UK; collagen X from Sigma-Aldrich). Antigen retrieval was performed for all sections by incubating in 20 µg/mL proteinase K (Sigma-Aldrich) for 10 min at 37°C. Samples for aggrecan and collagen X immunostaining were deglycosylated with 0.75 U/mL chondroitinase ABC (Sigma-Aldrich) for 1.5 h at 37°C. Samples were blocked with ImageiT FX signal enhancer (Life Technologies) and incubated with the primary antibodies overnight at 4°C (1:20 dilution for all primary antibodies). Secondary antibody binding with Alexa Fluor 488-conjugated goat polyclonal anti-mouse IgG (Molecular Probes, Carlsbad, CA) at room temperature for 1 h (1:200 dilution). Lastly, samples were stained with Hoechst (Sigma-Aldrich) for 5 min at room temperature to visualize cell nuclei (n = 12).
Statistical analysis-Quantitative data was transformed to fit a normal distribution using Box-Cox transformations, followed by a one-way and two-factor analysis of variance with Tukey's post hoc multiple comparisons test (p < 0.05) to determine statistical significance between samples in Minitab (v.15.1, State College, PA). Quantitative data are reported as mean ± standard deviation.
RESULTS
Coating characterization on MSC aggregates
Using 1 H NMR analysis, it was confirmed that solvolytic treatment of heparin resulted in removal of all sulfate groups. Furthermore, post biotinylation conjugation, 1 H NMR also determined that both heparin and desulfated heparin species were both biotinylated with a conjugation efficiency of approximately 20%. Based on chromatography analysis, at a coating concentration of 5 mg/mL of both heparin species, 9.89 × 10 −7 ± 1.37 × 10 −7 mg GAG/cell of Hep and 8.53 × 10 −7 ± 2.63 × 10 −8 mg GAG/cell of Hep-was grafted onto cell surfaces.
Histological staining of MSC aggregates
H&E staining revealed that the morphology of coated aggregates is distinct from noncoated aggregates. MSCs within aggregates coated with Hep and Hep-exhibited rounded cell morphology (Fig. 1B, black arrows) . This behavior persisted through day 14, at which rounded cell morphologies were still observed. Coated aggregates cultured in media containing the growth factors FGF-2 or TGF-β1 also exhibited similar rounded cell morphology that persisted through 14 days in culture (data not shown).
Effect of GAG coatings on DNA content in MSC aggregates
DNA content assay of noncoated and coated aggregates revealed that the addition of FGF-2 caused an initial increase in DNA amount 7.2 ± 1.9 fold for Hep coated aggregates, which was significantly higher than the other two groups (2.54 ± 0.3 fold and 4.11 ± 0.8 fold for Hep-and noncoated aggregates, respectively) at day 4 ( Fig. 2) . At day 14 with FGF-2 exposure, while noncoated aggregates only had a 2.1 ± 0.9 fold increase in amount DNA, Hep coated aggregates increased 8.5 ± 1.6 fold, and Hep-coated aggregates increased 4.3 ± 1.4 fold, both of which were significantly higher compared to their respective group without FGF-2 and their respective group at day 1. At day 14, MSCs cultured without FGF-2 had DNA increases of 2.1 ± 0.9 fold in noncoated aggregates, 3.6 ± 1.6 fold in Hep coated aggregates and 1.1 ± 0.5 in Hep-coated aggregates, all of which were not significantly higher compared to their respective day 1 value.
Effect of GAG coatings on chondrocytic gene expression in MSC aggregates
Gene expression revealed that when noncoated and Hep and Hep aggregates were cultured with TGF-β1 under hypoxia, MSCs from Hep-coated aggregates demonstrated an 86.5 ± 7.5 fold upregulation of collagen II expression, which was significantly greater than the 37.7 ± 10.6 fold increase for Hep coated aggregates and the 15.1 ± 4.7 fold increase in noncoated aggregates at day 21 (Fig. 3A) . At day 14, collagen II expression in Hep-coated aggregates was significantly increased compared to non-coated aggregates, while this was not observed Hep coated aggregates. Aggrecan expression was significantly upregulated compared to the day 1 level at day 7 in Hep coated aggregates only (8.2 ± 64.3 fold), however, it did not significantly increase further over time (19.3 ± 5.4 fold at day 21). For Hep-coated aggregates, aggrecan expression was significantly upregulated (15.9 ± 7.7 fold) only at day 21 ( Fig. 3B) and was not significantly different than the expression levels observed in Hep coated aggregates. Interestingly, Sox9 expression was not detected over the course of the 21 days for all samples (data not shown).
Collagen I expression, indicative of fibroblastic differentiation, initially increased by day 7 but by day 21 was only expressed at 1.2 ± 0.1 fold in noncoated groups, 1.8 ± 0.5 fold in Hep coated groups and 0.8 ± 0.6 fold in Hep-group (Fig. 3D) , all of which were not significantly different from each other or compared to day 1. At day 7, Hep and Hep-coated aggregates had significantly upregulated expression of collagen I (3.14 ± 0.5 fold and 3.68 ± 0.2 fold, respectively) when compared to noncoated aggregates (2.37 ± 0.2 fold). Collagen X expression, an ECM marker of hypertrophic chondrocytes, gradually increased over time for all groups but was significantly upregulated in Hep-coated aggregates over both noncoated and Hep coated aggregates at day 21. Hep-coated aggregates exhibited a 37.1 ± 4.7 fold upregulation on day 21 compared to an 18.4 ± 8 fold regulation in Hep coated and 11.8 ± 4.4 fold regulation in noncoated (Fig. 3C) . By day 14, all groups had significantly upregulated expression of collagen X compared to its respective day 1 level (13.1 ± 1.8 fold for noncoated, 15.91 ± 0.3 for Hep coated, and 28.9 ± 7.7 for Hep-coated), however, only Hep-coated aggregates exhibited significant upregulation compared to the other two groups at that time point and its day 1 level as early at day 7 (14.28 ± 1.4 fold). No trends in expression levels were observed for Runx2, an osteogenic marker, and PPARγ2, an adipogenic marker, over time for all groups (data not shown).
Effect of GAG coatings on chondrocytic ECM deposition in MSC aggregates
Immunostaining was performed to visualize specific ECM component deposition. On day 14, coated groups exhibited similar levels of staining for collagen II and appeared slightly stronger compared to noncoated aggregates (Fig. 4) . This increase in deposition for coated groups was observed as early as day 14. Additionally, at day 14, there appeared to be increased aggrecan staining in all samples, however, at day 14 and 21, both Hep and Hepcoated groups seemed to demonstrate stronger positive staining compared to non-coated samples (Fig. 5) . Positive staining for collagen X was obvious for all groups by day 14, at which time, differences could already be discerned between noncoated and coated aggregates. By day 21, Hep-coated aggregates exhibited pockets of pericellular collagen X, which was not observed for noncoated and Hep coated aggregates (Fig. 6, insets) . Collagen I staining was detected throughout all noncoated and coated aggregates, however, the staining intensity was not observed to change over the course of 21 days within each group (Supplementary Material Fig. 4 ).
DISCUSSION
In this study, we have demonstrated the ability to coat MSC surfaces with different heparin species (Hep and Hep-) using an established layer-by-layer technology. Via chromatography analysis, the same GAG concentration (5 mg/mL) in the coating solution resulted in similar amounts of each heparin species grafted onto cell aggregates. Moreover, using confocal microscopy imaging, over time, both fluorescent coatings decreased at similar rates (Supplementary Material Fig. 1 ). Therefore, we believe that similar amounts of Hep or Hepare grafted on cell surfaces within the aggregate at any time point and that the different effects observed between heparin species are thus not a result of differing amounts of GAGs present in the system. After coating, H&E staining over time revealed rounded cell morphology within coated aggregates (Fig. 1B) . This phenomenon is specific to the presence of a GAG layer, as seen by the lack of rounded cell morphology in aggregates coated only with biotin and avidin ( Supplementary Material Fig. 2) . Additionally, when soluble heparin is introduced into the media, the morphology looks similar to that of the noncoated group ( Supplementary  Material Fig. 3A) . While the mechanism is unknown, we conclude that Hep and Hepcoatings on cell surfaces can affect the organization and packing of the cells within the aggregate to produce the unique rounded cellular morphology observed in areas of the aggregate.
It is known that MSCs have limited proliferation capacity when cultured as aggregates in long-term suspension systems. 29 Because cell-based therapies require high dosages, developing a system that utilizes the mitogenic growth factor FGF-2 to improve proliferation may be necessary. Increased cell number over time was observed in MSC aggregates when both the Hep coating and FGF-2 were present in the system. Because heparin is known to preserve the bioactivity of FGF-2, 30, 31 it is possible that the presence of a Hep coating may simply be maintaining higher levels of active growth factor in the culture media. However, because this effect was not observed in MSC aggregates cultured with FGF-2 and heparin added to the culture media (Supplementary Material Fig. 3B ), the response of increased cell number is unique to the pairing of the cell surface presentation of heparin and the presence of the mitogenic growth factor. FGF-2 signaling occurs when dimerization of the growth factor and cell surface receptor, facilitated by heparin interactions between the 2-O and N-sulfate groups and growth factor, occurs. [32] [33] [34] Thus, the presence of the Hep coating could facilitate the sequestration of FGF-2 within the aggregate, as well as could promote signaling through dimerization of the receptor, together resulting in the increased cell number observed in these studies (Fig. 2) . Similar results have been observed when heparin was immobilized onto 2D surfaces and cultured with exogenous growth factors found in serum. The cultured cells on this 2D system exhibited increased proliferation when compared to MSCs cultured on surfaces without heparin. 35 Additionally, when heparin is cross-linked into a 3D hydrogel and loaded with FGF-2, the encapsulated MSCs undergo increased angiogenesis and proliferation when compared to hydrogels not containing heparin and loaded FGF-2. 9, 35 While the Hep-coating may still be able to sequester FGF-2 locally in the aggregate, due to an overall negative charge that exists because of the remaining carboxyl groups, it may lack the sulfate groups necessary for signaling of FGF-2 to cause cell proliferation, 20 resulting in DNA content more similar to the noncoated controls in this system. Taken together, these results suggest that a heparin coating combined with mitogenic growth factors in the media may help address the reduced proliferation capacity and thus could be used as a system for expansion of MSC aggregates for subsequent administration in cell-based therapies such as treating graft versus host or autoimmune diseases.
However, for applications of MSCs in cartilage repair, cell expansion alone may not be sufficient, and systems that aim to differentiate MSCs down a chondrogenic pathway may be required to develop effective therapies. TGF-β1 is a potent growth factor known to induce chondrogenic differentiation. 36 Thus, the effects of our GAG coatings on the response of MSC aggregates to TGF-β1 in the media was examined to better understand how this system can be utilized for stem cell-based therapies to treat cartilage injury or disease. When coated and cultured in the presence of TGF-β1, Hep-coated aggregates exhibited more upregulation of the chondrogenic gene marker collagen II (nearly 90 fold) by day 21 compared to both noncoated and Hep coated aggregates, indicating that a Hep-coating can promote increased chondrocytic differentiation in MSC aggregates. Additionally, both noncoated and Hep coated aggregates had significantly higher collagen II expression at day 21 when compared to day 1, thus while the Hep coating may not promote high expression levels of collagen II, as seen with Hep-samples, it does not diminish the ability of the MSC aggregates to differentiation down a chondrogenic lineage. Overall increase in gene expression was matched by an apparent increase in staining for collagen II over time, however, intensity for the two coated groups looked similar at day 21 (Fig. 4) .
Gene expression for aggrecan, another chondrogenic ECM molecule, was upregulated in Hep coated aggregates at day 14, followed by upregulation in Hep-coated aggregates at day 21 [ Fig. 3(B) ]. In contrast, increase in aggrecan deposition was seen as early as day 14 for all groups (Fig. 5) via immunostaining, and both types of coated aggregates appeared to exhibit stronger positive staining for aggrecan at day 21, compared to noncoated aggregates. The differences observed in gene expression and immunostaining are somewhat similar to previous work in our laboratory with chondroitin sulfate microparticles incorporated in human MSCs aggregates, in which differences in aggrecan gene expression, but not immunostaining, were observed between groups treated with GAG versus untreated. 28 This could be due, in part, to post-transcriptional regulation of ECM production that was not captured in the PCR results. 37 Although Sox9 expression was not detected in this system, it has been shown that collagen II expression is not correlated to levels of Sox9 expression in adult chondrocytes 38 and that Sox9 expression is a regulator of chondrogenic differentiation typically expressed early during the differentiation process. 39 Therefore, it may be possible that differentiation in this system is occurring during the 21 day culture time and end points earlier than day 7 may need to be performed to capture the initial upregulation of Sox9 expression.
While collagen I expression was upregulated for coated groups at days 7 and 14 and decreased by day 21 (Fig. 3C ), minimal differences in positive staining for ECM deposition was observed over time in each group (Supplementary Material Fig. 5 ). This discrepancy can be explained by the fact that the magnitude of fold regulation increase in the system (around threefold) may not be enough to elicit a visual increase in deposition of the ECM protein. Additionally, the level of collagen I expression and staining is consistent with what has previously been shown in our laboratory with this cell type, 28 and may be a result of basal-level production of this molecule throughout culture. When the collagen II/collagen I ratio, a measure used to assess chondrocytic differentiation in MSCs, 40 was calculated, all aggregates exhibited an upregulation (18.2 ± 3.23 fold for noncoated, 19.7 ± 8.0 fold for Hep coated, 182.2 ± 40 fold for Hep-coated) at day 21. While collagen I is expressed in this system, the increased ratio between collagen II to collagen I indicates that MSCs in this system are favoring a chondrocytic pathway, rather than a more fibroblastic pathway.
Expression of collagen X, a marker for MSC hypertrophic chondrogenic differentiation, increased over time for all groups, however, it was the greatest for Hep-aggregates by day 21 [ Fig. 3(D) ]. This was also observed in the staining for ECM deposition, in which bright pockets of pericellular collagen X were observed in Hep-coated aggregates on day 21 (Fig.  6 ). Taken together, this indicates that coated MSC aggregates may become hypertrophic in our system, a result that has been previously observed in our laboratory 10, 28 and reported in other studies with human MSCs, including those with larger cell aggregates. 11, 41 This demonstrates that while many different platforms of MSC chondrogenesis exist, preventing hypertrophy remains a key challenge in cartilage tissue engineering, and additional culture methods, such as exposure to parathyroid hormones or co-culture with chondrocytes may be required to prevent hypertrophic differentiation during in vitro culture. [42] [43] [44] Although collagen X upregulation was measured in this MSC aggregate system, gene expression of other lineage markers, Runx2 (osteogenic), and PPARγ2 (adipogenic) were minimally changed or not expressed (data not shown), suggesting that those differentiation pathways were not favored in this system. Although Hep coatings were seen to promote proliferation in response to the growth factor FGF-2 in MSC aggregates, upregulated chondrogenic marker expression was observed in Hep-coated aggregates in response to TGF-β1. It has previously been shown that the addition of GAG species with decreased sulfation level compared to heparin (such as hyaluronan and chondroitin sulfate) can activate or bind CD44, a cell surface receptor known to complex with the TGF-β1 receptor and activate downstream effector functions without the presence of TGF-β1. [45] [46] [47] This demonstrates that multiple GAG species have potential to elicit TGF-β1 signaling in a manner that does not require binding between the GAG and growth factor. Another factor that can play a role when negatively charged GAGs are introduced is the change in osmotic swelling pressure within the aggregate. Previous studies have shown that increasing osmolarity can increase chondrogenic marker expression and matrix synthesis in MSC and progenitor cell systems undergoing chondrogenic differentiation. 48, 49 While these possibilities may play a role in the observed effects with the Hep-coating, it was seen that coated aggregates cultured without TGF-β1 did not exhibit chondrogenic differentiation (data not shown), suggesting that the effects observed are a result of the coating interacting with the chondrogenic growth factor to promote a cellular response. It has been shown that the 6-O and N-sulfate groups play a role in the interaction of heparin with TGF-β1, and upon desulfation of certain groups, the affinity for the growth factor decreases. 25 We speculate that in this coating system, the strong binding of TGF-β1 to heparin may have prevented growth factor interaction with its receptor, resulting in reduced chondrogenic effects when compared to Hep-coated MSCs. The effect of desulfation has also been observed in another system in our laboratory, in which in the presence of TGF-β1, MSCs encapsulated in desulfated chondroitin hydrogels had significantly greater expression of collagen II, aggrecan, and collagen X when compared to MSCs in natively sulfated chondroitin sulfate hydrogels. 10 This provides evidence that although the desulfated forms of different GAGs may have a lower affinity for TGF-β1, their effect on cellular response is not dictated by that binding interaction. While these results support the concept that GAG cell coatings can be used to improve the effect and presentation of growth factors in culture, it is important to consider that a "one GAG fits all" strategy may not be optimal for all MSC culture applications and that non-native sulfation patterns may have the capability to potentiate the activity of specific growth factors. While, specifically, for cartilage applications, an additional dissociation and coating step may need to be included to achieve both enhanced proliferation and enhanced chondrogenesis, overall, these results suggest that GAG-based coatings may be extremely useful for one or both steps in this process, depending on the needs of the supplier. Thus, our coating technology represents a versatile platform to design MSC culture systems with pairings of GAGs and growth factors that can be tailored to overcome specific challenges in scale-up and culture for MSC-based therapeutics.
CONCLUSION
These studies have demonstrated that GAG coatings have the ability to modulate growth factor interactions with MSC aggregates. By using layer-by-layer technology, biotinylated GAGs can be grafted onto cells within the MSC aggregate at similar amounts, thus enabling control over both the amount and sulfation level of heparin at cell surfaces. When cultured in the presence of the mitogenic growth factor FGF-2, natively sulfated Hep coatings were able to increase cell number over the culture period of 2 weeks greater than both Hep-coated and noncoated aggregates. On the contrary, when cultured in the presence of the chondrogenic growth factor TGF-β1, Hep-coated aggregates exhibited the greatest expression of collagen II and collagen X, gene markers for chondrogenic and hypertrophic differentiation. The finding that heparin coatings of two different sulfation levels can result in different responses to two distinct growth factors indicates that this novel cell coating platform that enables specific pairings of growth factors with GAG sulfation patterns could be a potent future means of modifying cell response to address a specific limitation during scale-up culture of stem cells for cell-based therapies.
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